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We use tunable laser-based angle-resolved photoemission spectroscopy to study the electronic structure of the
multiband superconductor MgB2. These results form the baseline for detailed studies of superconductivity in
multiband systems. We find that the magnitude of the superconducting gap on both σ bands follows a BCS-like
variation with temperature with 0 ∼ 7 meV. The value of the gap is isotropic within experimental uncertainty
and in agreement with a pure s-wave pairing symmetry. We also observe in-gap states confined to kF of the σ
band that occur at some locations of the sample surface. The energy of this excitation, ∼3 meV, is somewhat
larger than the previously reported gap on π Fermi sheet and therefore we cannot exclude the possibility of
interband scattering as its origin.
DOI: 10.1103/PhysRevB.91.214519 PACS number(s): 74.25.Jb, 79.60.Bm
I. INTRODUCTION
Multiband superconductors have attracted renewed interest
because of the recently discovered iron based high temperature
superconductors, whose pairing symmetry and mechanism
are subjects of a lively debate [1,2]. Superconductivity in
multiband systems was already considered more than half a
century ago, immediately after formulation of the BCS theory,
in light of superconductivity of transition metals [3]. It became
apparent early on that in such a system, the magnitude of
the order parameter may vary for different bands. On the
experimental side, beside iron based superconductors, several
compounds are clearly identified as multiband superconduc-
tors, including NbSe2 [4], YNi2B2C [5], A3C60 [6], and,
perhaps most clearly and cleanly, MgB2 [7]. MgB2 is one
of the most studied multiband superconductor because of
its relatively high transition temperature (TC ∼ 40 K) and
promise as an applied superconductor [8]. The supercon-
ducting properties of MgB2 agree well with BCS/Eliashberg
theory [9–14], and it provides an ideal playground for both
theoretical and experimental studies. Since its discovery,
MgB2 become regarded as “the” prototypical multiband BCS
superconductor.
The crystal structure of MgB2 is very simple, with
alternating graphitelike boron and magnesium layers [7].
Four electronic bands that cross the Fermi level (EF ) can
be categorized into two groups: two quasi 2D σ bands
around  and two 3D π bands near the Brillouin zone
boundary [11]. From theory point of view, MgB2 is usually
described as a two band (σ and π ) superconductor. The pairing
is caused by coupling of the electron to the E2g phonon mode.
However, the coupling strength is quite different for the two
types of bands, giving rise to different magnitudes of the
superconducting gaps [11–14]. The presence of two different
values of the superconducting gap was confirmed by several
spectroscopic measurements [15–18]. Previous angle-resolved
photoemission spectroscopy (ARPES) measurements have
*kaminski@ameslab.gov
revealed that the gap size on σ band is ∼6 meV and the one on
π band is ∼1.5–2.2 meV [19–21], which is roughly consistent
with theoretical calculations. However, these experiments only
measured the magnitude of the superconducting gap at a single
K point on each Fermi surface (FS) sheet. No information on
how the gap varies along one FS has been reported. Electronic
Raman measurements with two polarization suggests that
the gap anisotropy is only 0.4–0.6 meV along σ FS [22].
Such information is important to understand the role of
impurities and interband scattering in a prototypical multiband
superconductor.
In this paper we use ultrahigh resolution tunable laser
based ARPES [23] to study superconducting gap properties
of MgB2. Due to limits on the accessible parts of the Brillouin
zone, the π band cannot be measured using low photon
energies. We concentrate our measurements on two σ bands
around the  point. Both the temperature and momentum
dependence of the gap structure are systematically studied.
Our results show that the gap size on both σ FS sheets
are nearly isotropic, consistent with theoretical predictions
and directly illustrate s-wave pairing symmetry in MgB2.
Surprisingly, we also discovered electronic excitation inside a
superconducting gap below TC at some locations on the sample
surface.
II. METHODS
MgB2 single crystals with TC = 39 K were grown by a
high pressure synthesis technique similar to that described
in Ref. [23]. The typical size of the samples used in
our measurements is ∼0.5 × 0.5 × 0.3 mm3. Samples were
cleaved in situ at base pressure lower than 8 × 10−11 Torr.
ARPES measurements were carried out using a laboratory-
based system consisting of a Scienta R8000 electron analyzer
and tunable VUV laser light source [23]. All data were
acquired using photon energy of 6.7 eV, corresponding to
Kz = 0.22π/c (inner potential v0 ∼ 13 eV is estimated from
Ref. [24]). The energy resolution of the ARPES spectrometer
was set at 1 meV and angular resolution was 0.13◦ and ∼0.5◦
1098-0121/2015/91(21)/214519(6) 214519-1 ©2015 American Physical Society





































































































FIG. 1. (Color online) Temperature dependence of the superconducting gap in MgB2. (a) Sketched FS topology from calculation. Inset
shows the measured FS intensity map close to the Brillouin zone center. (b)–(d) ARPES intensity divided by the Fermi function along cut1
(-M direction) at 18, 27, and 40 K, respectively. (e) ARPES intensity divided by the Fermi function along cut2 measured at 22 K. Locations of
cuts are illustrated in (a). (f) Temperature dependence of EDCs at kF of cut1. (g) Symmetrized EDCs from (f). (h) and (i) Symmetrized EDCs
at kF of cut2 for σ1 and σ2 bands, respectively. (j) Temperature dependence of the superconducting gap extracted from (g) and (f) color/shape
coding shown in (a). Solid lines indicate BCS prediction with corresponding 0.
along and perpendicular to the direction of the analyzer slits,
respectively. Samples were cooled using a closed cycle He
refrigerator and the sample temperature was measured using a
silicon-diode sensor mounted on the sample holder. The energy
corresponding to the chemical potential was determined from
the Fermi edge of a polycrystalline Au reference in electrical
contact with the sample. The absence of aging effects was
verified by thermal cycling. The consistency of the data was
confirmed by measuring several samples.
III. RESULTS AND DISCUSSION
The diagram of the Fermi surface and intensity plot at Ef
are shown in Fig. 1(a). The ARPES intensity divided by Fermi
function plots for several temperatures and two cuts are shown
in Figs. 1(b)–1(e). In the data along cut1 [Figs. 1(b)–1(d)],
there is only one holelike band visible that corresponds to σ2
crossing. Intensity of the inner σ1 band is almost completely
suppressed due to matrix elements. Along cut2 however
[Fig. 1(e)], both σ bands are visible, and the the intensity
of the inner σ1 band is much stronger than the σ2. From
the location of the Fermi crossing point (kF ), we calculate
that the radii of two σ FS sheets are ∼0.2 and ∼0.25 Å−1,
respectively. If we ignore the small warping of these two
sheets along Kz, we can estimate carrier concentration at 0.069
hole/cell for the inner FS sheet and 0.108 hole/cell for the
outer one, consistent with previous quantum oscillation results
[25,26].
We next turn to investigating the magnitude of the super-
conducting order parameter on the two σ bands. The data
in Fig. 1(d) were measured above Tc and were divided by
the Fermi function. It shows a single band nicely cross-
ing the Ef characteristic of a metallic state. The data in
Figs. 1(b), 1(c), and 1(e) were acquired below Tc and show the
absence of intensity close to Ef and increased intensity at an
energy of ∼±7 meV, which is the hallmark signature of the
opening of a superconducting gap. The intensity at 7 meV
above the Ef is enhanced due to thermal excitations above
2, which is clearly visible especially at higher temperatures
[Fig. 1(c)]. The EDCs at the outer σ band are shown in Fig. 1(f).
When the sample is cooled below Tc, a sharp coherent peak
emerges at the energy equal to the value of the superconducting
gap and intensity close to Ef is suppressed. Above EF a
smaller peak is observed due to thermal excitations above 2.
These features are consistent with formation of Bogoliubov
quasiparticles [27]. The observation of the upper branch of the
214519-2
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Bogoliubov quasiparticle band is very useful to double check
the location of the chemical potential which should be centered
between the two peaks as shown in Fig. 1(f). In order to
quantify the value of the superconducting gap we symmetrize
EDCs at kF [Figs. 1(g)–1(i)] and fit them with the minimal
BCS model [28]. Using this procedure we determine the gap
magnitude at three kF points on the two FS sheets. Positions
of each point in the Brillouin zone are marked in Fig. 1(a). The
resulting gap sizes for each temperature are shown in Fig. 1(j).
All three superconducting gap magnitudes follow BCS-like
temperature dependencies very well with 0 ∼ 7 ± 0.5 meV,
which is slightly larger than previous ARPES results [20,21],
but more consistent with STM results [16] and theory calcu-
lation [14]. The gap-to-temperature ratio 20/KBTC is 4.2,
slightly larger than the standard single-band weak coupling
BCS value 3.5, which is likely due to presence of multiple
bands.
Previous ARPES measurements revealed that the σ and
π FS sheets have different magnitudes of the order parame-
ter [20]. But it is not known if and how this quantity varies
around the respective Fermi surface sheets. To investigate this
we measure the EDCs at kF around each of the σ sheets and
plot them in Figs. 2(a) and 2(b). We also extract the value of
the SC gap following the same procedure as explained above.
Measurements were performed at 25 K to take advantage
of both upper and lower Bogoliubov quasiparticle branches.
The resulting values of the superconducting gap are shown
in Figs. 2(c) and 2(d). The gap magnitudes along both σ FS
are nearly isotropic and equal to ∼6 meV (for T = 25 K).
We did not observe any systematic changes in this value
within our ±0.5 meV error bars. This result provides direct
evidence that MgB2 is a pure s-wave superconductor. Detailed
gap calculation shows the average gap size on the inner
pocket should be about 0.5 meV larger than that on the outer
pocket [14]. However, at present our experimental accuracy
is not sufficient to verify this prediction. Also, since both σ
bands have the same orbital character, the gap difference may
be possibly suppressed by scattering between these two FS
sheets [29].
In Fig. 3(a) we plot the measured electronic structure of
cut1 in Fig. 1 without removing the Fermi-Dirac function.
A kink structure is clearly revealed at ∼70 meV which is
caused by electron coupling to the E2g phonon mode. Its
properties were previously discussed in great detail [30]. In
order to reveal the fine structure near EF , we expand the
image and adjust the color scale in Fig. 3(b). Surprisingly,
in addition to two branches of Bogoliubov quasiparticles at
±7 meV (marked with red arrows), two additional intensity
peaks exist at ±3 meV (marked with blue arrows). These
are states that exist within the larger superconducting gap.
[Here the peak positions are determined by local maximum
intensity. The same method is also used in Fig. 4(b)]. In
order to get more information about this in-gap structure, we
show the temperature dependent data in Fig. 4. The color
scale in Fig. 4 is expanded to reveal this very weak structure.
As temperature is increased, there are several noticeable
changes. The most obvious one is that the position of two
Bogoliubov quasiparticle branches moves closer to EF and the
intensity of the Bogoliubov quasiparticle branch for positive
binding energy is increasing. This is because the gap is
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FIG. 2. (Color online) Momentum dependence of the supercon-
ducting gap in MgB2. (a) and (b) EDCs at kF along two σ FS sheets.
The 19 momentum locations in the Brillouin zone are marked in the
left-bottom inset. Data were measured at 25 K. (c) Angle dependence
of the superconducting gap. (d) Same data as (c) plotted in polar
coordinates after being sixfold symmetrized.
closing and more thermal excitation occur at high temperature.
At the same time, the position of the inside gap structure
is also approaching EF . But its intensity becomes weaker
with increasing temperature and becomes almost invisible
around TC . In Fig. 4(b) we plot the EDCs slightly off kF
[location marked with red line in Fig. 4(a1)] at different
temperatures to quantify this interesting behavior. We move
slightly off kF because the strong intensity of the main
Bogoliubov quasiparticle peak would bury the weak inside
gap state. Extracted temperature dependent positions of the
Bogoliubov quasiparticle peak and inside gap structure are
show in Fig. 4(c). Both of the peak positions roughly follow
a BCS-like temperature dependence. The disappearance of
this inside gap structure indicates it is closely related to
superconductivity. Before discussing the possible origin of
this new structure, let us summarize its main properties. This
structure consists of two flat bands at ω0 ∼ ±3 meV at low
temperature, giving the ratio of ω0/0 ∼ 0.43. Its intensity
is mostly confined at kF in momentum space and its binding
energy roughly follows BCS-like temperature dependence. We
emphasize that this in-gap structure is only observed at some
locations at the sample surface. So far we have not found any
214519-3

















































FIG. 3. (Color online) Inside gap state in a superconducting state. (a) Measured band structure of cut1 [as illustrated in Fig. 1(a)] at 18 K.
(b) Expanded area close to EF . Color scale is adjusted to highlight structure above EF . (c) EDCs corresponding to data in (b). Bogoliubov
quasiparticle peaks and inside gap structures are marked with red and blue arrows, respectively.
correlation between this in gap state and optically observed
imperfections of the surface.
The presence of this structure is unlikely a trivial ef-
fect of momentum mixing (e.g., due to scattering of the
photoelectrons) because it occurs only in the proximity of
kF . There are several possible explanations for presence of
the inside gap structure in MgB2. The most obvious one
is interband scattering from the π band due to disorder or
impurities. Its energy is somewhat higher than the previously
measured value of the superconducting gap at π band of
∼1.5 [20] and 2.2 meV [21], but without the ability to directly
measure the gap at the π Fermi sheet we cannot exclude
this scenario. A second possibility is that this structure is
an impurity bound state in the superconducting gap. Early
theoretical studies of the impurity effect on superconductivity
indicate that, at proper scattering conditions between conduc-
tion electron and impurity, some bound state will appear inside
the superconducting gap [31–33]. The properties of this bound
state have been intensively investigated both theoretically
and experimentally because they could give some essential
information of superconductivity, such as pairing symmetry.
Bound states near impurities have been observed both in
conventional [34] and unconventional superconductors [35,36]
in STM measurements. For a conventional superconductor like
MgB2 discussed here, a nonmagnetic impurity could not affect
superconductivity much as predicted by early Anderson’s
theorem [37], which means no bound state would be introduced
by a nonmagnetic impurity. On the other hand, magnetic
impurity can give rise to pairs of bound states both above
and below EF , also called Shiba states [32,38,39]. The energy
positions of the Shiba states vary with scattering details.
Up to now, no such states have been reported in doped
MgB2. The Shiba state would be buried under the Bogoliubov
quasiparticle peak in spectroscopy measurements without
momentum resolution. Electronic properties of the impurity
bound state are studied in a momentum integrated density
of state in most of the existing literature. Information on
intensity distribution in momentum space is scarce. Whereas
this scenario seems consistent with our results, one of the
key unsolved problems is what plays the role of magnetic
impurity. Both magnesium and boron atoms are nonmagnetic
and no other magnetic element is involved in the sample growth
procedure [40]. Further experimental results and theoretical
calculations are needed to identify the scattering potential that
plays the role of magnetic impurity. Similar in-gap states were
observed in a Ba0.6K0.4Fe2As2 iron arsenide high temperature
superconductor and their origin was attributed to off-plane,
nonmagnetic disorder [41].
IV. CONCLUSIONS
In summary, the temperature and momentum dependent
superconducting gaps, on the two σ bands, were systemati-
cally studied. The gap size follows a BCS-like temperature
dependence with 0 ∼ 7 meV. The momentum dependent
gap structure, on both FS sheets, is isotropic, giving direct
evidence of s-wave pairing symmetry in MgB2. We observed
a flat-band-like inside gap structure below Tc. Its intensity is
mostly confined close to kF in momentum space. The energy
position of this structure also roughly follows a BCS-like
214519-4



































































FIG. 4. (Color online) Temperature dependence of the in-gap state. (a1)–(a5) ARPES intensity measured at cut1 for various temperatures.
(b) EDCs slightly off kF [location marked with red line in (a1)] for various temperatures along line marked in (a1). Inset shows fitting of
the EDC above EF with two Gaussian peaks to extract value of the two gaps. (c) Extracted temperature dependence of the peak positions of
Bogoliubov quasiparticle (red dots) and inside gap structures (blue dots). Two dashed lines are guide to the eye.
temperature dependence. We proposed two possibilities to
explain this new in-gap structure. Further experimental and
theoretical investigations are needed to arrive at a definitive
answer. The electronic properties of MgB2 revealed here form
a basis for understanding of multiband superconductivity in
conventional and unconventional superconductors.
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